The nontoxic mutant lethal factor (mLF; which has the E687C substitution) and functional protective antigen (PA63) of Bacillus anthracis were evaluated for their use as mucosal vaccines against anthrax in A/J mice. Intranasal vaccination of three doses of 30 g of mLF or 60 g of PA63 elicited significant serum and mucosal antibody responses, with anthrax lethal toxin-neutralizing titers of 40 and 60 in immune sera, respectively. However, only 30% and 60% of the vaccinated animals in the two groups could survive a challenge with 100 times the 50% lethal dose of B. anthracis Sterne spores, respectively. In contrast, vaccination with three doses of the combination of 30 g of mLF and 60 g of PA63, the detoxified lethal toxin, elicited antibody responses against LF and PA significantly higher than those elicited after vaccination with mLF or PA63 individually by use of the same dose and schedule. Vaccination with the detoxified lethal toxin resulted in significantly higher lethal toxin-neutralizing antibody titers in sera (titer, 90). Animals vaccinated with three doses of the detoxified lethal toxin were completely protected against the spore challenge. The data suggest that mLF and PA63 have a mutual enhancement effect for evoking systemic and mucosal immune responses and that the detoxified lethal toxin can be used as an efficient mucosal vaccine against anthrax.
Anthrax, a severe infectious disease in human and animals, is caused by the gram-positive, spore-forming organism Bacillus anthracis (22) . Recently, the intentional dissemination of B. anthracis Ames spores by bioterrorists caused 11 cases of cutaneous anthrax and 11 cases of inhalational anthrax, which resulted in five deaths in the United States (14) . Thus, a program of immunization against anthrax is needed for selective military, emergency response, and medical personnel for biodefense preparedness.
The disease-causing B. anthracis strains are characterized by a poly-␥-D-glutamic acid capsule and the production of the three-component toxins: protective antigen (PA), lethal factor (LF), and edema factor (EF). Virulent strains of B. anthracis carry two plasmids, pX01 and pX02, which encode the three toxin components and enzymes for capsule biosynthesis. The 83-kDa PA, 85-kDa LF, and 89-kDa EF toxin components are encoded by the pag, lef, and cya genes in pX01, respectively (6) . PA binds to host cell anthrax toxin receptors (ANTXRs), such as tumor endothelial marker 8 (TEM8/ANTXR1) and human capillary morphogenesis protein 2 (CMG2/ANTXR2), and is cleaved by cell surface furin to produce a 63-kDa fragment, PA63 (4) . After PA63 binds to ANTXRs, it oligomerizes to a heptamer and acts to translocate the catalytic moieties of LF and EF from the endosomes to the cytosol (3). The combination of PA and LF is named anthrax lethal toxin (Letx). LF is a zinc-dependent endopeptidase which removes specifically the N-terminal tail of mitogen-activated protein kinase kinases, leading to macrophage lysis (1) . EF is an adenylate cyclase that generates cyclic AMP. The combination of PA and EF, named edema toxin, disables phagocytes and other cells due to the intracellular adenylate cyclase activity of EF (21) . Recently, we found that the expression of ANTXR mRNA in murine macrophage J774A.1 cells was upregulated by edema toxin (32) .
The current U.S. human anthrax vaccine, BioThrax, produced by BioPort Corporation (Lansing, MI), consists of aluminum hydroxide-adsorbed supernatant material, primarily PA and undefined quantities of LF and EF, from fermentor cultures of a toxigenic, nonencapsulated strain of B. anthracis. Human vaccination with the BioThrax vaccine requires six immunizations, followed by annual boosters (anthrax vaccine adsorbed [BioThrax] product insert, Bioport Corporation, 2002) . This underscores the need to develop more efficacious vaccines or alternative vaccination regimens (18) .
PA has been shown to be an essential component of an anthrax vaccine (5) . There have been intensive efforts to improve the safety profile and immunogenicity of the anthrax vaccine by using PA as an antigen, including the formulation of PA in adjuvants (19) , conjugation of capsular poly-␥-D-glutamic acid to PA (26) , the use of purified PA (27) and its C-terminal domain 4 (PA-D4) (10), the development of PAbased DNA vaccines (13) , and the expression of PA in viral and bacterial vectors (12, 29) . PA-D4 (residues 596 to 735 in PA) is responsible for binding to cellular receptors (ANTXRs) and has been shown to contain the dominant protective epitopes of PA (10) . However, studies of spore vaccines suggested that some other B. anthracis antigens may contribute to protective immunity in a significant manner (7) .
It has been suggested that in addition to PA, LF and EF also play an important role in providing immunity (24) . Recent research indicated that immunization with plasmid expression vectors in a combination of PA and N-terminal region-truncated LF (LFn; residues 10 to 254 of the mature LF protein) provides better protection than PA alone (11) . In addition, we have shown that immunization with an adenoviral vector expressing the N-terminal fragment of EF (EFn; residues 1 to 254) elicited neutralizing antibody responses against both EF and LF and provided partially protective immunity against anthrax (33) . Unfortunately, vaccination with solely somatic components of B. anthracis, such as surface polysaccharides and cell-associated antigens EA1 and EA2, has not been shown to provide protective immunity (9) .
Mutation at amino acid 687 of LF has been shown to eliminate its enzymatic activity (20) . Although the detoxified mutant LF (mLF; which has the E687C substitution), which has a Glu-to-Cys substitution in the zinc binding site, was made in research conducted more than a decade ago, the feasibility of using it as a candidate anthrax vaccine has not been shown to date. In this report, we provide experimental data that demonstrate that detoxified Letx can be used as a mucosal vaccine against anthrax.
MATERIALS AND METHODS

Materials.
Recombinant full-length PA, functional PA (PA63), LF, and mLF were purchased from List Biological Laboratories, Inc. (Campbell, CA). mLF (E687C) has a Glu-to-Cys substitution in the zinc binding site. The mutation at amino acid 687 has been shown to eliminate enzymatic activity (20) . B. anthracis Sterne strain spores were from an anthrax spore vaccine, which is a viable suspension of the Sterne strain 34F2 spores in saponin (Colorado Serum Company, Denver, CO). Mouse monocyte macrophage cell line J774A.1 was purchased from the American Type Culture Collection (Manassas, VA).
Animal vaccination and sample collection. Six-to eight-week-old female A/J mice were purchased from Jackson Laboratory (Bar Harbor, ME). They were housed in a biosafety level 2 pathogen-free animal facility at the University of Rochester Medical Center (four mice per cage) and were maintained in a controlled environment (22 Ϯ 2°C; 12 h-light/12 h-dark cycles). The animals were provided Laboratory Rodent Diet 5001 with ad libitum access to food and water. The research was conducted in compliance with the Animal Welfare Act and other federal and state statutes and regulations relating to animals and experiments involving animals and adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals (23).
Evaluation of immunogenicity and efficacy. Thirty-two animals were allotted into four groups (eight mice per group). After anesthesia with ketamine and xylazine, they were intranasally administered 60 g of PA63, 30 g of mLF, 60 g of PA63 plus 30 g of mLF in 30 l of physiological saline, or 30 l of physiological saline only (negative control) at weeks 0, 2, and 4. Serum samples were obtained by retro-orbital bleeding at weeks 0, 2, 4, and 6 for determination of anti-PA and anti-LF antibody concentrations and Letx neutralization. The animals were subcutaneously challenged with 100 times the 50% lethal dose (LD 50 ) of B. anthracis Sterne spores at week 7, as described previously (34) .
Assessment of mucosal immune responses. Sixteen mice were divided into four groups (four mice per group) and were intranasally administered 60 g of PA63, 30 g of mLF, 60 g of PA63 plus 30 g of mLF, or 30 l of physiological saline (negative control) at weeks 0, 2, and 4. After the animals were killed at week 6, mucosal secretions, such as saliva, nasal wash, and vaginal wash samples, were collected to measure the anti-PA and anti-LF antibody concentrations by a quantitative enzyme-linked immunosorbent assay (ELISA), as described previously (34) .
Quantitative ELISA for measurement of antigen-specific antibody responses. Anti-PA and anti-LF immunoglobulin G (IgG), IgG1, and IgG2a concentrations in sera and anti-PA and anti-LF IgG and IgA concentrations in saliva, nasal wash, and vaginal wash samples were determined by a modified procedure with an ELISA quantitation kit (Bethel Laboratories Inc., Montgomery, TX). Briefly, 96-well flat-bottom immunoplates (Nalge Nunc International, Rochester, NY) were coated with recombinant PA (100 ng/well) in 100 l coating buffer (0.05 M carbonate-bicarbonate buffer, pH 9.6) and incubated overnight at 4°C. After the wells were washed five times with washing buffer (0.05% Tween 20 in phosphatebuffered saline [PBS]), the wells were blocked with 200 l of blocking buffer (PBS containing 1.0% bovine serum albumin) for 1 h at room temperature. After another five washes, 1 l (serum) or 10 l of a saliva, nasal wash, or vaginal wash sample was mixed with 100 l of sample buffer (PBS, pH 7.4, containing 0.05% Tween 20 and 1% bovine serum albumin) prior to addition to a well, followed by 2 h of incubation at 37°C. The plates were washed with washing buffer five times and were then incubated with 100 l (per well) of a 1:10,000 dilution of goat anti-mouse IgG, IgG1, or IgG2a conjugated to alkaline phosphatase for 1 h at room temperature. Unbound antibodies were removed by washing the plates five times with washing buffer, and the bound antibodies were detected following incubation with a p-nitrophenylphosphate phosphatase substrate system (Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 30 min. The reaction was stopped by addition of 0.5 M EDTA, and the absorbance values were obtained with a Dynatech microplate reader (model MR4000) at 405 nm. Each sample was analyzed in duplicate, and measurement of the antibody subclasses was performed in parallel. A standard curve was generated in parallel for each set of samples by using capture antibodies (affinity-purified goat anti-mouse IgG, IgG1, IgG2a, or IgA) and mouse reference serum containing the given amount of antibodies, according to the manufacturer's instruction. Antibody concentrations were calculated by comparison with the standard curve.
Measurement of Letx-neutralizing antibody titer. The titers of neutralizing antibodies to Letx were determined by measuring the ability of sera to neutralize the cytotoxicity of Letx (LF plus PA) in murine macrophage J774A.1 cells, as described previously (34) . Briefly, 5 ϫ 10 4 J774A.1 cells in 100 l of Dulbecco's modified Eagle's medium containing 10% fetal bovine serum were seeded into each well of 96-well culture plates and were grown to 90% confluence at 37°C. Twofold serial dilutions of the serum samples were incubated at 37°C for 1 h with recombinant PA and LF at final concentrations of 60 and 40 ng/ml, respectively, prior to addition to the wells. After a 7-h incubation at 37°C, 20 l of 3-(4,5-dimethlthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO) at 5 mg/ml in PBS was added to each well, and then the plates were incubated for an additional 2 h. Then, 50 l of 20% sodium dodecyl sulfate in 50% dimethyl formamide was added to each well. The optical densities were measured at 570 nm, with a reference wavelength of 690 nm, by using a microplate reader (model MR4000; Dynatech). The ratio of LF plus serum and PA versus medium alone, expressed as percent cell viability, was calculated for each dilution. The Letx-neutralizing antibody titers of the serum samples, calculated by linear regression analysis, were expressed as the reciprocal antibody dilution that prevented the death of 50% of the cells. 
RESULTS
Serum antibody responses after intranasal vaccination with detoxified Letx. To determine if detoxified Letx could be used as a candidate mucosal vaccine, groups of A/J mice were inoculated intranasally with 60 g of PA63, 30 g of mLF, or 60 g of PA 63 plus 30 g of mLF three times at weeks 0, 2, and 4. Serum samples were collected at weeks 0, 2, 4, and 6 to determine the anti-PA and anti-LF antibody concentrations by quantitative ELISA. Figure 1A and B (n ϭ 8) show the anti-LF and anti-PA antibody titers in sera from the experimental groups, respectively.
Animals vaccinated with three doses of the single antigen mLF or PA63 had significant serum antibody responses against LF or PA, including total IgG, IgG1, and IgG2a responses, in comparison with the responses of the control group (P Ͻ 0.05). Clearly, both Th2 and Th1 immune responses against PA and LF, with predominant Th2 responses, were elicited (IgG2a and IgG1 titers, Ͻ1.0). In addition, the data show that booster vaccination (the second and third doses) significantly increased the serum antibody responses against LF and PA.
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on July 31, 2017 by guest http://cvi.asm.org/ significantly higher antibody responses against LF (Fig. 1A) and PA (Fig. 1B) than vaccination with the same amount of PA63 or mLF individually at all time points at which the responses were measured (P Ͻ 0.05). The data suggest that PA63 and mLF had a mutual enhancement effect in evoking the host immune response. Mucosal antibody responses after intranasal vaccination with detoxified Letx. To determine if intranasal mucosal vaccination with detoxified Letx was able to elicit antigen-specific mucosal immunity, we measured secretory anti-PA and anti-LF antibody levels in saliva, nasal wash, and vaginal wash samples from vaccinated animals. The anti-PA IgA and IgG concentrations in mucosal secretions after vaccination with three doses are shown in Fig. 2 (n ϭ 4) . Significant mucosal anti-PA IgG and IgA responses were observed after intranasal vaccination with three doses of 60 g of PA63 (P Ͻ 0.05) (Fig. 2A) . Similarly, vaccination with three doses of 30 g of mLF elicited significant mucosal anti-LF IgG and IgA responses (P Ͻ 0.05) ( Fig. 2A) . In contrast, three doses of detoxified Letx consisting of 60 g of PA63 and 30 g of mLF resulted in considerably higher mucosal anti-PA and anti-LF IgG and IgA responses than vaccination with PA63 or mLF alone. The data are consist with the serum antibody response results, which showed that PA63 and mLF had a mutual enhancement effect in evoking a host immune response when they were combined in the mucosal vaccine.
In vitro protection against Letx. In order to determine whether anti-PA and anti-LF antibodies in the immune sera were capable of neutralizing Letx, an in vitro protection assay was performed with J774A.1 mouse macrophage cells, which are sensitive to Letx. As shown in Fig. 3 (n ϭ 8) , intranasal vaccination with three doses of 60 g of PA63, 30 g of mLF, or detoxified Letx (60 g of PA63 plus 30 g of mLF) elicited significant Letx-neutralizing antibody responses, with titers of 40, 60, and 90, respectively. Again, a mutual enhancement effect in the elicitation of an Letx-neutralizing antibody response was observed after administration of the combination of PA63 and mLF compared to the effect achieved after vaccination with PA63 or mLF alone.
Protective immunity elicited by intranasal vaccination with detoxified Letx. After the A/J mice were intranasally vacci- Figure 4 shows that only 60% and 30% of the animals vaccinated with PA63 and with mLF survived the spore challenge, respectively. In contrast, animals vaccinated with detoxified Letx were completely protected against the spore challenge, while the control animals inoculated with physiological saline died 5 days after the spore challenge (Fig.  4 , n ϭ 8).
DISCUSSION
In this research, we provide evidence that intranasal vaccination with PA63, mLF, and detoxified Letx is capable of eliciting significant systemic immune responses (Fig. 1, n ϭ 8 ) and mucosal immune responses (Fig. 1, n ϭ 4) against PA or/and LF, as well as protective immunity against lethal challenge with B. anthracis spores (Fig. 4, n ϭ 8) . Letx neutralization assays also demonstrated that the anti-PA and anti-LF antibodies inhibit the toxicity of Letx by blocking the incorporation of LF into macrophage cells (Fig. 3, n ϭ 8) . Most interestingly, a significant synergistic enhancement effect of the host immune response was shown when PA63 and mLF were coadministered as a detoxified Letx. This mutual enhancement effect was demonstrated not only in serum and by the mucosal antibody responses but also as protective immunity against B. anthracis spore challenge.
Hepler et al. have shown that recombinant PA63 could be used for vaccination of rabbits and primates to prevent inhalational anthrax (16) . In this study, we chose to use PA63 because PA63 is the biologically active form of PA in anthrax toxins. The reason for the mutual enhancement effect of PA63 and mLF in eliciting the host immune response, as shown in the current study, remains to be explored. One explanation is that the active entry of mLF into the host cells triggers the intracellular antigen presentation machinery for the efficient processing of intracellular antigens through the major histocompatibility complex class I pathway and augments the host immune response. In addition, the formation of the mLF-PA63 complex may also contribute to the boost of the host immune defense and accelerate antigen presentation on host antigen-presenting cells through the major histocompatibility complex class II pathway. Clearly, it is a significant finding that intranasal vaccination with detoxified Letx may have a strong potential to become an effective needle-free protocol for vaccination against anthrax. Since PA63 tends to aggregate, whereas the uncleaved PA83 protein does not, we will need to determine the optimal formulation for the candidate vaccine in order to avoid the aggregation of PA63 in future studies.
Immunization with the currently licensed anthrax vaccine (BioThrax) requires multiple injections. This highlights the inefficiency of the vaccination program. Apparently, well-characterized subunit vaccine candidates are needed, and perhaps more effective anthrax vaccines would contain multiple antigens. Other antigens, such as anthrax toxin components PA, the N-terminal fragments (amino acids 10 to 254) of LF (LFn) (25) and EF (EFn) (33) , and B. anthracis spore-associated collagen-like glycoprotein BclA (15) , have been evaluated and have been shown to be promising candidate antigens for use in vaccines against anthrax. Vaccination with a plasmid vector encoding LFn confers protection against Letx challenge, and the combination of LFn and PA provides better protection against anthrax than the use of LFn or PA alone does (11, 25) . Similarly, vaccination with a combination of PA-and BclAencoding plasmid DNA led to significantly better survival than vaccination with only PA-encoding or only BclA-encoding plasmids (15) .
In addition, the alternative mucosal method of vaccination would be a significant advantage over the needle injection method of vaccination. It not only is a painless and convenient vaccination protocol but also is a highly efficient way to elicit mucosal immunity. B. anthracis spores may invade the host via the mucosal route and cause inhalational anthrax, which is the major threat when B. anthracis spores are used as a biological weapon. Therefore, host immunity at the mucosal sites of entry may be effective for protection against inhalational anthrax. Previous studies by Welkos and colleagues have demonstrated that anti-PA antibodies stimulate spore uptake and interfere with germination in macrophage culture and animal models (8, VOL. 15, 2008 MUCOSAL VACCINE AGAINST ANTHRAX 615 30 ). This suggests a potentially protective role of anti-PA antibodies at mucosal surfaces against anthrax spore infection. Mucosal immunization but not parenteral immunization with PA induces immune responses in both the systemic and the secretory immune compartments (2) . Our study demonstrated that intranasal vaccination with detoxified Letx elicited robust mucosal and systemic antibody responses against both PA and LF and subsequently protected the host against anthrax. Although previous studies have shown that PA is the candidate antigen of choice for systemic and intranasal vaccination against anthrax, an appropriate adjuvant is required for a PAbased vaccine for augmentation of the host immune response (2, 17, 28) . However, the currently available vaccine adjuvunts (such as aluminum and microbial extraction adjuvunts) have not been licensed for nasal administration in humans. The advantage from the use of detoxified Letx for vaccination, as shown in the current study, is that our candidate mucosal anthrax vaccine can also elicit a host immune response against LF and it provides a more robust protective immune response than the use of PA alone. This adds another mechanism of protective immunity from vaccination. However, future experiments with additional animal models (murine, rabbit, and nonhuman primate models) with virulent B. anthracis spore challenge are needed to determine if this candidate mucosal vaccine could protect against inhalational anthrax. In addition, the use of new mucosal vaccine adjuvunts should also be explored in future studies so that one dose of the mucosal vaccine may be used to provide protection against anthrax. In summary, the data reported here are the first to demonstrate that detoxified Letx could be used as an effective mucosal anthrax vaccine without the addition of any adjuvant. This candidate mucosal vaccine has merit for further studies in the search for a highly effective and easily administered new generation of anthrax vaccine.
